Abstract: Human abilities to adjust vocal output to compensate for intensity losses due to sound propagation over distance were investigated. Ten normally hearing adult participants were able to compensate for propagation losses ranging from −1.8 to −6.4 dB/ doubling source distance over a range of distances from 1 to 8 m. The compensation was performed to within 1.2 dB of accuracy on average across all participants, distances, and propagation loss conditions with no practice or explicit training. These results suggest that natural vocal communication processes of humans may incorporate tacit knowledge of physical sound propagation properties more sophisticated than previously supposed.
Introduction
Under ideal conditions sound intensity obeys an inverse square law with distance: Each doubling of sound source distance decreases sound intensity by 6 dB. Previous research has demonstrated that humans increase their vocal output in order to compensate for these sound propagation losses (Healey, Jones, and Berky, 1997; Johnson et al., 1981; Markel, Prebor, and Brandt, 1972; Michael, Siegel, and Pick, 1995; Warren, 1968) . Although the compensation appears to be performed naturally to facilitate effective communication over varying distances between talker and listener and is evident in children as young as 3 years of age (Johnson et al., 1981) , there is considerable variability in the amount of compensation reported in the literature. Warren reports increases in vocal output level of 6 dB per doubling distance, suggesting that talkers may perhaps have internalized the ideal inverse-square law relationship for sound propagation loss (Warren, 1968; Warren, 1981) . Other studies have reported considerably less level compensation, ranging from 5 to less than 1 dB/ doubling (Healey et al., 1997; Johnson et al., 1981; Markel et al., 1972; Michael et al., 1995) .
One potential source for this variability is the extent to which the listening environments in which these past experiments were conducted approximated a free-field environment with an ideal 6 dB/ doubling propagation loss. Departure from this ideal, such as in rooms with sound reflecting surfaces, in general results in propagation losses less than 6 dB/ doubling. Accurate compensation in such environments would, therefore, require less than a 6 dB/ doubling increase in vocal output level. This may explain why talkers did not increase their vocal output levels by a full 6 dB/ doubling distance in a number of past studies (Michael et al., 1995) , although it is important to note that most past studies did not report physical sound propagation losses in the testing environments. For one study that did report propagation losses, there does seem to be a relationship (Michael et al., 1995) . A propagation loss of around 2 dB/ doubling corresponded to a vocal compensation increase of around 2 dB/ doubling for certain condi-tions. Other results show a much less clear relationship: 4 -6 dB/ doubling propagation losses in the testing environment of another study corresponded to vocal compensation ranging from less than 2 dB/ doubling for adults to more than 35 dB/ doubling for children (Johnson et al., 1981) . Still unknown, however, is the extent to which talkers may be able to adjust their amount of vocal compensation to different environments with different propagation losses. An additional issue relates to the range of distances over which vocal compensation abilities have been evaluated. Valid tests of a relationship between propagation loss and vocal compensation amounts will require evaluation at multiple distances.
The current study seeks to determine the extent to which vocal compensation depends on the specific propagation losses present in the listening environment over a wide range of distances, and whether talkers can accurately modulate their amounts of compensation to match widely varying amounts of physical propagation loss across different natural listening situations. To the extent that these vocal compensation abilities are used in everyday vocal communication, one might expect normal adult talkers to have developed considerable skill and accuracy in these abilities.
Methods

Propagation loss and source directionality measurements
Estimates of the physical sound level decay with increasing source distance were made for each of four listening conditions used in the experiment: Two acoustic environments and two source orientations. The two acoustic environments, one outdoor and one indoor, had widely different reverberant properties. The outdoor environment was chosen to approximate a free-field listening situation. It was a grassy field approximately 80 m ϫ 40 m, with closest non-ground soundreflecting surfaces at least 20 m from the measurement locations. The indoor environment was a reverberant hallway, approximately 20ϫ 3.5ϫ 3 m ͑L ϫ W ϫ H͒ with hard walls, hard floor, and an absorptive ceiling. Source orientation was either directly facing the measurement location ͑0°͒, or else rotated 180°in the horizontal plane.
All decay measurements were made using a high-quality omni-directional microphone (Sennheiser KE4-211-2) mounted on a movable tripod. A small (12.7 cm full-range driver, 17.8ϫ 15.2ϫ 13.0 cm cabinet) high-output loudspeaker (MicroSpot Monitor, Galaxy Audio, Inc.) with high-quality amplification (D-75, Crown, Inc.) mounted on a tripod with a rotating head at a fixed location served as the sound source. Both microphone and loudspeaker were positioned 1.5 m above the ground surface. In the indoor environment, the source location was approximately 5 m from one end of the hallway, and approximately midway between the side walls. The measurement signal was spectrally-shaped noise (10 s duration), with flat spectrum between 0.1 and 1.5 kHz, decreasing at 60 dB/ octave below 0.1 kHz and 20 dB/ octave above 1.5 kHz. The spectral shape of this signal was chosen to roughly approximate the spectra of the speech signals used in subsequent portions of the experiment: Male and female talkers producing the vowel /a/. This signal was processed digitally using Matlab software (Mathworks, Inc.) and stored to a standard audio compact-disc for later presentation during measurement conditions. The output level of the measurement signal was fixed for all measurements and corresponded to 90 dBA at 1 m, 0°orientation, in the outdoor environment as measured via a calibrated sound-level meter (Realistic 33-2059, calibrated with a B&K piston-phone, model 4228). Background noise levels were approximately 48 and 37 dBA for the outdoor and indoor environments. Broadband ͑0.2-4 kHz͒ reverberation time, T 60 , for the indoor reverberant environment was approximately 0.7 s, measured with the loudspeaker in the 180°orientation using an energy integration technique (Schroeder, 1965) . Decay measurement results were represented in dB relative to the observed microphone output voltage (RMS) at 1 m for each of the two measurement environments and two source orientations.
Occasional nonstationary noise disturbances did occur during both measurement and later experimental sessions. During these occurrences the experimenters suspended the measurement and/or experimental session until the noise disturbance had subsided and discarded any potentially noise-contaminated data. The extent to which the level decay measurements made using a loudspeaker sound source are valid for making inferences regarding level decay of vocal sound sources depends critically on the two sources having similar directional responses. This is a particularly important issue in acoustically reflective environments where source directivity can strongly affect sound propagation. Measurements were therefore made to estimate the directional responses characteristics of four representative talkers (two male, two female) producing the vowel /a/ and the measurement loudspeaker, using methods fundamentally similar to those described by Studebaker (1985) . These measurements were conducted in a second quiet outdoor environment also chosen to approximate free-field conditions: A large grassy field free from sound reflecting surfaces other than the ground. Average noise level in this environment was approximately 40 dBA. All sound level measurements were conducted relative to the measurement location, which was at fixed distance of 1 m. Loudspeaker response measurements were made at 0°and 180°angular orientations in the horizontal plane at a distance of 1 m, using the same source material and microphone used in the level decay measurements. Loudspeaker output level was fixed for all measurements: 90 dBA at 1 m, 0°orientation. Vocal response measurements were also made at 0°and 180°orientations, although two matched measurement microphones (Sennheiser KE4-211-2) were used: One at distance of 1 m, and one fixed to the talker's head at a distance of approximately10 cm from the mouth. Talkers were instructed to use "conversational" vocal output levels and to produce the required vocalization for at least 2 s at each of the measurement orientations. Decibel levels were computed in 1/3-octave bands ͑0.25-5 kHz͒ for all measurements. For the voice measurements, the decibel difference in each frequency band between close and far microphone measurements was computed. This representation of relative output level allowed control for differences in absolute source output levels from measurement to measurement, and was used for all subsequent analyses.
Vocal output level compensation
Participants: Ten adult volunteers (seven females and three males, ages 20-29 years) were paid for their participation. All reported having normal hearing, normal or corrected-to-normal vision, and normal vocal abilities.
Design: In a completely within-participants design, there were two test environments (indoor or outdoor), two participant orientations (facing toward or away from the target location, referred to as 0°and 180°orientations, respectively), and four participant-target distances (1,2,4, and 8 m). Test environment order was counterbalanced. Within each test environment, participant orientation was blocked and order was fixed (0°, then 180°). Within each such block, the order of participant-target distances was also fixed, from nearest to farthest.
Stimuli and procedures: Participants attempted to compensate for the physical sound level loses associated with increasing distance by adjusting the output level of their own voice. The testing procedure was as follows: Participants were lead to the reference location ͑0 m͒ in the listening environment (either indoor or outdoor) where they remained for the duration of testing at a given source orientation. The experimenter instructed the participant to produce the vowel /a/ for approximately 3 s and adjust their vocal output level such that the level reaching the experimenter (distal level) remained constant at each of the four target distances. At each target location, starting from the 1 m location and successively increasing in distance for subsequent locations, the experimenter measured and recorded the sound level using a hand-held sound level meter (Realistic 33-2059), which served as the target. Participants were instructed to make initial /a/ productions at conversational levels for the 1 m target distance. For both orientations (0°and 180°), participants were instructed to look at the experimenter prior to vocal production in order to provide the participant with visual distance information. For the 180°orientation, this required participants to turn, look, and then return to the appropriate orientation prior to vocal production. All instructions were provided verbally to each participant at a fixed distance of approximately 1 m (0°orientation) between experimenter and participant prior to vocal compensation testing at different distances. Instructions were provided in detail in the initial environment and then repeated in capsule form in the second environment. No feed-back or explicit training related to sound propagation loss with distance was provided to the participants at any time during the experiment. Participant 103 was not tested at the 180°ori-entation in either listeningenvironment for unforeseen logistical reasons. Figure 1 displays the frequency-dependent source directionality results in which levels measured at 180°are compared relative to those measured at 0°(reference level). Small loudspeaker (17.9ϫ 11.1ϫ 10.5 cm cabinet) and vocal (continuous discourse averaged from one male and one female talker) directional response results from a previous study (Studebaker, 1985) are also displayed for comparison purposes. Small loudspeaker directionality is, in general, quite similar to that of the human voice. Both become more directional with increasing frequency at roughly the same rates. Verification of this similarity is particularly important when sound pressure levels averaged across frequency are considered, as in the case of the vocal output measurements made using a sound level meter. The mean level difference between loudspeaker and voice signals (speaker-voice) across 1/3 octave bands from 0.25-5 kHz was 1.5 dB for the current study, which is a slightly better match than the 2.8 dB difference that results from the comparison measurement data (Studebaker, 1985) . Overall, this relatively close match in directional responses suggests that valid inferences regarding vocal source propagation may be made from loudspeaker-based sound propagation measurements when averaging across frequency.
Results
Source directionality
Propagation loss
Sound propagation measurement results for all source orientations and measurement environments are displayed in Figs. 2(a)-2(d) . Rates of sound level loss (dB) per doubling of source distance are also shown for each condition, determined via exponential fits to the data using a least-squares criterion. The fitted functions were adequate descriptions of the data in all cases. The RMS error between predicted and measured values was less than 0.3 dB in all conditions except indoors at 0°, where RMS error was still less than 1.5 dB. The outside 0°condition had a measured propagation loss quite similar to that predicted by the inverse-square law for freefield sources. The departure from this ideal 6 dB/ doubling loss for the 180°orientation outside is not well understood, but likely resulted from acoustically reflective surfaces that did exist in the outdoor environment in the direction opposite of the measurement microphone, but at a distance of at least 20 m. As expected, sound reflecting surfaces in the indoor environment also resulted in propagation losses less than 6 dB/ doubling. The loss for the 0°orientation was similar to that reported in a previous study in which the listening environment had a similar Fig. 2 . Propagation loss and vocal compensation results for each of four acoustic conditions ͑inside and outside environments, 0°and 180°source orientations͒. All levels are expressed in dB relative to 1 m. Propagation losses are shown in the left column ͑a-d͒, and are well described by exponential fits to the data ͑solid curves͒. Slopes ͑dB/distance doubling͒ are displayed for each fit. Mean levels ͑dB͒ at each measurement distance for vocal sources when talkers are instructed to compensate for propagation losses are shown in the center column ͑e-h͒. Bars indicated 99% confidence intervals. Mean estimated levels ͑dB͒ at the talker's location based on the measured propagation losses are shown in the right column ͑i-l͒. Bars again indicate 99% confidence intervals. Solid curves show exponential fits to the data, with slopes indicated ͑dB/doubling͒ indicated for each fit. The gray dashed line displays a 6 dB/ doubling increase for reference. reverberation time. The indoor 180°orientation had the least propagation loss, given that the energy reaching the measurement microphone in this case was mostly reverberant energy, which is relatively independent of source distance. Propagation loss in this case was also similar to the reverberant-only energy loss observed in a previous study in a room with similar reverberation time. Overall, these four conditions resulted in a considerable range of physical sound propagation losses with distance to the sound source.
Vocal output compensation
"Conversational" levels at 1 m ranged from 57 to 68 dBA across talkers, with a median level of 62 dBA. Level compensation results are shown in Figs. 2(e) and 2(f) , where mean distal levels relative to the levels measured at 1 m for each participant in each condition are displayed. Given that the levels remain within 3 dB of the level at 1 m͑0 dB͒ and lie within the confidence intervals at all distances, it may be concluded that talkers on average accurately increase their vocal output to remain constant at each measurement distance. The mean level relative to 1 m was −1.2 dB across all distances (not including 1 m) and conditions. Because the physical propagation losses are different in the different measurement conditions, the amount of increase in vocal output to compensate for increased distance also differs across condition. Figures 2(i)-2(l) displays estimates of the increases in vocal output level (proximal) based on the measured propagation losses to produce the measured distal levels. All data points are mean levels relative to 1 m. For comparison purposes, a 6 dB/ distance doubling is also indicated in these plots (dashed gray line). These estimates further suggest that the amount of level compensation as a function of distance differed dramatically, on average, across the four measurement conditions. It is also clear from these data that talkers are, on average, not simply applying a 6 dB/ doubling increase to their vocal outputs in all conditions, although they do apply this rule where it is appropriate to the observed physical propagation loss (outside, 0°).
Although the data in Fig. 2 suggest that talkers can, on average, accurately compensate for propagation losses with distance under different loss conditions, it is important to determine the extent to which individual talkers are also capable of accurate compensation. Individual talker data was, therefore, analyzed via separate exponential function fits, which were found to adequately describe the data in all cases. RMS error between predicted and measured levels ranged from 0.3 to 2.6 dB across all listeners and conditions, with half of all RMS errors below 1.2 dB. Figure 3 displays slope values from the fitted functions for all participants and conditions using vocal signals. Slope values based on functions fit to the mean level data across all participants [e.g., Figs. 2(e)-2(h)] are also displayed. Sound propagations losses (dB/doubling) are also shown for each corresponding measurement condition. Although the slope estimates based on individual data were more variable than those based on mean data, 0 dB/ doubling fell within the 99% confidence regions all but two slope values [Participant 102, Fig. 3(b) ; Participant 103, Fig. 3(c) ]. The median slope across all participants and conditions was −0.9 dB/ doubling, with half of all slopes falling within +0.8, −1.8 of 0 dB/ doubling. Overall, these results indicate that individual participants can compensate for the variable sound propagations losses present in the acoustic conditions with considerable accuracy.
Discussion and conculsions
This study has demonstrated that talkers can adjust their vocal output to compensate with considerable accuracy for sound propagation losses ranging from approximately −1.8 to −6.4 dB/ doubling distance. This suggests that humans may have tacit knowledge of sound propagation properties more sophisticated than previously thought, and may explain at least some of the previously unexplained variance in past reports of vocal compensation abilities for changing distance (Healey et al., 1997; Johnson et al., 1981; Markel et al., 1972; Michael et al., 1995; Warren, 1968) . From the standpoint of vocal communications, the ability to adjust vocal output for sound propagation losses to a listener's position is clearly advantageous, and this advantage is potentially extended with an accurate match between physical propagation loss and vocal output increase. Applying a 6 dB/ doubling increase of vocal output for all situations would unnecessarily limit compensation distances in environments with less than a 6 dB/ doubling loss. It is clear, however, that regardless of listening environment, vocal compensation abilities do have practical limits governed by various factors such as the effective dynamic range of the human voice and listening environment noise levels. Although neither of these factors was tested in this study, reasonably accurate vocal compensation was observed in quiet environments over a distance range of 1 to 8 m.
In certain respects, this vocal compensation ability is similar to another, more wellknown, form of vocal compensation, known as the Lombard Reflex (Lombard, 1911) , in which talkers increase their vocal output level when background noise level is increased. Both forms of compensation facilitate vocal communication by keeping signal-to-noise ratio constant at the listener's location, can be performed with considerable accuracy (i.e., signal-to-noise ratio held constant at the listeners location), and appear to be performed naturally as part of the vocal communication process. The Lombard Reflex has also been documented in other mammals (Scheifele et al., 2005; Sinnott, Stebbins, and Moody, 1975) and songbirds (Cynx et al., 1998) , is remarkably robust to volitional control of human talkers (Pick et al., 1989) , and appears to depend critically on auditory feedback in its regulation of vocal output level (Siegel and Pick, 1974) . Although informal observation suggests both that other species may at least roughly compensate for sound propagation losses, and that it may also be difficult for human talkers to Fig. 3 . Slopes of exponential fits to the distal level measurements of each participant and also to the mean levels across participants for four measurement conditions. Bars indicated 99% confidence intervals. Physical propagation losses ͑dB/doubling͒ are also shown for each condition.
suppress distance compensation, the extent to which distance compensation depends on auditory feedback is unknown. Clearly additional scientific research is needed in all of these areas.
Results from this study may also have important implications for auditory distance perception, where systematic biases in distance estimates to sound sources have been documented in numerous studies using a wide range of stimulus conditions and psychophysical procedures (see Zahorik, Brungart, and Bronkhorst, 2005, for review) . If the vocal compensation accuracy to changing distance observed here does represent tacit knowledge of sound propagation losses in the listening environment, then it is surprising that listeners are not able to use this knowledge to make accurate judgments of sound source distance. This seeming dissociation may perhaps be similar to the well-documented dissociation between accurate visually directed action and inaccurate conscious visual experience (Creem and Proffitt, 1998; Milner and Goodale, 1995) , although at least one known deficit in auditorily directed action, dysarthria resulting from Parkinson's Disease, does not appear to affect talkers' compensation for sound propagation losses (Ho, Iansek, and Bradshaw, 1999) . This suggests that vocal compensation abilities are not purely action-based. Accurate vocal compensation abilities may instead depend on perceptual processes at least partially distinct from those underlying (inaccurate) conscious experience of sound source distance. Further research will be needed to more fully evaluate these potential relationships.
